Microcosm studies were performed to evaluate the effect of solid surfaces, bacterial adhesive ability, and inoculum size on colonization success and persistence of Pseudomonas fluorescens and Xanthomonas maltophilia, each with a Tn5 insertion that conferred resistance to kanamycin and streptomycin. Two types of microcosms were used: (i) a simple system that was colonized by Aeronwnas hydrophila and a coryneform and (ii) a complex system produced from lake water enrichment cultures. Simple microcosms contained 100 ml of peptone-and yeast extract-supplemented artificial lake water or 60 ml of peptone-and yeast extractsupplemented artificial lake water with 70 g of 3-mm glass beads. Complex microcosms contained 100 ml of lake water with no nutrient additions or 100 ml of lake water with 70 g of glass beads. The microcosms were incubated for 35 days at 20°C. In lake water enrichment microcosms, the presence of beads increased the abilities of P. fluorescens or X. maltophilia to colonize, but their numbers decreased with time in microcosms both with and without beads. The adhesiveness of the bacteria, measured in an in vitro assay, did not relate to colonization success. In simple microcosms, the inoculum size (10, 102, or 103) of P. fluorescens did not influence colonization success. However, in complex microcosms, an inoculum of 1 cells was insufficient to ensure colonization by P. fluorescens, while 106 cells resulted in colonization of liquid and beads. Simple microcosm studies, utilizing only a few species, were poor models for complex natural systems. In complex enrichment systems, colonization of surfaces resulted in higher numbers of organisms but did not noticeably promote persistence. Adhesiveness of a particular organism may be a relatively minor factor influencing its ability to colonize solid surfaces in complex natural environments.
Certain nonindigenous bacteria may be introduced into natural aquatic or soil environments, where they pose potential biological or ecological hazards. For example, the possible risks of the deliberate release of genetically engineered microorganisms for agricultural purposes or improvement of environmental quality have received considerable attention elsewhere (11, 20) . Similarly, human, animal, and plant pathogens may be introduced into natural environments, where they are serious hazards for agriculture and human health (3) . Numerous studies have focused on the survival of genetically engineered microorganisms or pathogens in aquatic environments or sediments and in soils (3, 4, (21) (22) (23) . However, little attention has been paid to the biofilms that develop on submerged surfaces and to their potential to provide refuges for allochthonous organisms.
Across time and space, biofilm communities are more stable than planktonic populations, because the organisms are immobilized in an extracellular polymeric matrix (2, 5) . This stability of biofilms is primarily due to the complexity of the constituent communities. Organisms within the biofilm are largely dependent on each other for exchange of nutrients, and there is comparatively less input from the aqueous phase. Also, the bacteria in biofilms appear to be protected against perturbations or potentially lethal factors (e.g., biocides) in the adjacent liquid phase (1, 5) . Thus, biofilms may provide a refuge for genetically engineered microorganisms or pathogen colonizers.
We investigated the colonization of surfaces and persistence of two bacterial strains in laboratory microcosms, with * Corresponding author.
t Contribution no. 30 of the Center of Marine Biotechnology. the aim of modelling colonization by genetically engineered microorganisms. Pseudomonas fluorescens and Xanthomonas maltophilia were inoculated into the following two types of microcosms: (i) simple microcosms that contained two organisms (Aeromonas hydrophila and a coryneform species), which represented an extension of previous microcosm studies in this laboratory (7) , and (ii) lake water enrichment cultures.
The present study addressed the following three hypotheses: (i) solid surfaces, which provide a site for colonization and biofilm formation, facilitate the persistence of introduced bacteria; (ii) the adhesive ability of an organism, as measured in a laboratory in vitro assay, relates to its ability to colonize a biofilm; and (iii) there is a threshold inoculum size of the introduced organism, below which it is unable to colonize and persist in a biofilm.
MATERUILS AND METHODS
Organisms and growth conditions. The organisms used for the inocula were P. fluorescens H2 (for both types of microcosm experiments) and X. maltophilia (lake water enrichment cultures only). Both strains contained Tn5 insertions, which coded for kanamycin (KM) and streptomycin (SM) and allowed the bacteria to be detected and enumerated on selective media. The P. fluorescens strain is a river isolate which is moderately adhesive and has been used in numerous attachment studies (6, 7, 18) . The Xanthomonas strain is a relatively nonadhesive derivative of a previously described isolate (7) . Control Adhesion assays. The relative adhesiveness of all strains had been evaluated by a previously described in vitro assay (6, 8) , in which the bacteria were allowed to attach to polystyrene microtiter plates (6) or petri dishes (8) for 2 h at 20°C. Nonattached cells were then rinsed away with distilled water, and remaining attached bacteria were stained with crystal violet and assayed indirectly by measuring the absorbance of stained cells in a spectrophotometer or microtiter plate reader. Both hydrophobic polystyrene and polystyrene treated for tissue culture, which is more hydrophilic, were used as substrata.
Simple microcosms. Microcosms were set up in 250-ml Erlenmeyer flasks (acid washed). To each was added 100 ml of artificial lake water (ALW) (7) containing 0.001% peptone and 0.0007% yeast extract, as well as 50 U of nystatin (Sigma) and 100 ,ug of SM (Sigma) per ml (ALW-PYE). The antibiotics were added to reduce the possibility of contamination from repeated opening of the systems for sampling and the long incubation periods. Separate microcosms contained 70 g of 50% nitric acid-washed, 3-mm glass beads and 60 ml of ALW-PYE in 250-ml flasks. This quantity of beads increased surface area within a flask by ca. 556 cm2. The microcosms were inoculated with A. hydrophila and the coryneform (1 ml from stationary-phase cultures) on day 1; on day 14, P. fluorescens was inoculated by the addition of 106 cells. In experiments testing the influence of inoculum size on subsequent colonization by P. fluorescens, the pseudomonad was added in inocula of 10, 102, or 103 cells.
The inoculum density was determined from acridine orange direct counts. Actual viable counts of inocula on PYE agar (1.5% agar) were also determined and were 7, 69, and 693 CFU, respectively, for microcosms with liquid only and 4, 43, and 430 CFU, respectively, for microcosms containing beads and liquid. All flasks were incubated at 20°C and pulse fed every 48 h by replacing 40 ml of spent medium with 40 ml of fresh ALW-PYE. Colonization of the liquid and bead surfaces was evaluated by sampling at days 7, 14, 15, 21, 28, and 35 after inoculation. Lake water enrichments. Complex microcosms were set up by placing 100-ml portions of lake water into 250-ml flasks and incubating at 20°C (with shaking at 50 rpm) with no additions of nutrient. Five experiments of 35 days each were performed; for the first, the microcosms were incubated in the dark, and for the others, the microcosms were incubated in a diel light-dark cycle. All were incubated at 20°C. In each experiment, at least three replicates contained lake water only, and at least three replicates also contained 70 g of acid-washed glass beads (ca. 556 cm2) for colonization. The five experiments were designed so that each hypothesis was tested at least twice.
Water for the enrichments was obtained from Lake Elkhorn, Columbia, Md., a shallow, eutrophic, man-made lake. The sampling site was frequented by resident ducks and geese, but there is no boating on the lake. Three liters was collected from just below the surface and transported immediately (<1 h) to the laboratory. The water generally contained appreciable suspended material, which was allowed to settle for 2 h before the enrichments from water at the surface were set up. Enrichments were prepared from water collected on 9 April, 4 June, 11 July, 31 August, and 24 September 1991, representing seasonal microbial populations ranging from spring through autumn. These microcosms were incubated for 2 weeks and were then inoculated with either P. fluorescens orX. maltophilia; the inocula were either 103 or 106 cells per total microcosm volume. In all cases, on day 2, samples (0.1 ml each) from the flasks were plated out on PYE with KM and SM, PYE with SM, and King's B medium (12) with KM and SM, and it was determined that no indigenous microorganisms could grow on these media. Occasionally, P. fluorescens and X. maltophilia that had been reisolated from the microcosms were assayed for adhesive abilities (as described above) to ensure that strains with altered adhesiveness had not been selected during microcosm culture. Determination of bacterial numbers. The numbers of CFU in the liquid and on the bead surfaces were determined by dilution counts on selective or differential medium (see below). Bacteria were removed from the beads and dispersed by vortexing in a solution containing 0.001 M EGTA (ethylene glycol-tetraacetate [Sigma]), 0.0004 M Tween 20 (Sigma), 0.01% (wt/vol) peptone and 0.007% (wt/vol) yeast extract in phosphate buffer. These solution concentrations were arrived at empirically in preliminary tests aimed at determining the optimum concentrations for cell removal and viability. For each sample, 10 beads (ca. 3 cm2) were added to 1 ml of dispersion solution and vortexed at top speed for 1 min (VWR Scientific, Bridgeport, N.J.; vortexer 2).
For simple microcosm experiments, bacteria were enumerated as follows: total counts were determined on PYE agar (PYE with 100 ,ug of SM ml-' and 1.5% agar); A. hydrophila isolation medium (19) was used to confirm A. hydrophila; P. fluorescens was selected for on PYE containing 100 ,ug of SM and 50 ,ug of KM ml-'. King surfaces (Tables 1 and 2 ). Although after 24 h of incubation P. fluorescens that were able to become established in the (day 15) numbers of P. fluorescens in flasks without beads lake water enrichments depended on inoculum size (Table  tended to be higher in flasks containing the larger inocula, 3 ). An inoculum of 103 cells was too low to allow establishthese differences had disappeared by day 21 (Table 1) . Thus, ment of numbers large enough for detection. the pseudomonad successfully colonized these simple micro-
The presence of beads appeared to influence the abilities cosms, whether beads were present or not, even at the very of P. fluorescens or X. maltophilia to colonize the lake water low inocula of <10 viable cells per ml. The coryneform enrichments, since numbers of both organisms were greater readily colonized both liquid and bead surfaces in flasks with in flasks with beads in parallel experiments (Table 4) . Howbeads, and recovered numbers were usually in the order of ever, the difference was significant (P < 0.01) only at day 21 105 to 106 cells ( Table 2 ). The numbers of cells were in two experiments (one of which is illustrated in Tables 4 considerably lower in flasks without beads (Table 1) . A. and 5). Occasionally, the numbers of total bacteria were hydrophila was not able to colonize successfully and was greater in flasks with beads than in those without (P < 0.01) recovered only occasionally from microcosms with or with- (Tables 3 and 5 ). There was a decrease in numbers of both P. out beads, indicating that this organism may have persisted fluorescens and X. maltophilia with time. In some cases, at in low numbers that were not sufficiently high to be recovday 35, neither organism could be recovered from the beads ered repeatedly. It was not possible to make direct compar- (Tables 3 and 4 ). However, whenever P. fluorescens and X.
isons between flasks with and without beads because of the maltophilia could not be recovered on plates, in all cases differences in liquid volumes and consequent feeding rates.
both organisms could be selected for and enriched from Thus, no conclusions regarding the different coryneform liquid or from beads by inoculation of liquid or bead samples numbers in flasks with and without beads can be drawn.
into medium containing KM and SM. Lake water enrichments. In all experiments, a diverse There was no relationship between the adhesion abilities bacterial community was established, and occasionally miof P. fluorescens and X. maltophilia determined in in vitro croalgae were also evident. Small white bacterial colonies assays and their abilities to colonize the bead surfaces. P. predominated, and yellow colonies were common. Large fluorescens demonstrated greater adhesiveness in in vitro white and pink colonies were consistently observed. No tests (Table 6 ) but was not found on the bead surfaces in differences in colony types could be discerned in microhigher numbers than wasX. maltophilia (P < 0.05) ( Table 4) . cosms with or without beads or with or without P. fluoIsolates of both strains that had been retrieved from the glass rescens or X. maltophilia. Total bacterial numbers and surfaces demonstrated the same difference in adhesiveness colony types were similar in replicate flasks. The numbers of as had the original cultures (Table 6 ). Thus, growth in the a Statistical comparisons were made between P. fluorescens and X. maltophilia in liquid from flasks without beads and with beads or on bead surfaces. For each organism, comparisons were also made between counts in liquid from flasks without beads and with beads. Comparisons between different sampling times were not made. Means within rows followed by *, t or t are significantly different at P = 0.01. BD, below detection. lake water enrichment had not selected for strains of P.
fluorescens and X. maltophilia with similar adhesive abilities. However, both organisms recovered from the microcosms appeared to have an increased preference for substrata of polystyrene treated for tissue culture, compared with that of the original inocula.
DISCUSSION
There was some indication that the presence of surfaces promoted the colonization of both P. fluorescens and X. maltophilia in lake water enrichment microcosms, since suspended cell numbers were greater in flasks with beads than in flasks without beads. These differences were significant only at day 21 in all experiments, but the trend was consistent. Moreover, there were also considerable numbers of both organisms colonizing the bead surfaces, resulting in an even greater difference in their total numbers in flasks with and without beads. Numbers of total bacteria were also generally higher in flasks with beads, sometimes at statistically greater levels. Thus, the microcosms with increased surface areas for colonization appeared to sustain larger populations than the low-surface-area microcosms. This is consistent with the concept that surfaces are a major site of microbial activity and offer an advantage to attached microorganisms (9), for example, by fostering mutualistic interactions. The organisms in biofilms are immobilized in relatively close proximity to one another within a polymeric gel matrix. This can result in a spatial distribution of different, complementary functional types, similar to the stratification of anaerobes observed in sediments (15) or phototrophs in algal mats (24) . Such a mutualistic interaction in biofilms has been observed between phototrophic and heterotrophic microorganisms in an oligotrophic stream, in which there appeared to be a direct flux of algal products to the bacteria, with little input of organic material from the overlying water (10) .
Although the presence of solid surfaces appeared to promote increases in numbers of organisms, it did not promote the persistence of either P. fluorescens or X. maltophilia, since their numbers decreased with time (Table 3 and 4) . These results were similar to those observed in loamy sand and loam soil microcosms, in which there was a reduction in numbers of P. fluorescens after inoculation (21) . Possible explanations for their decline are competition, antagonism, predation, and unfavorable changes in local pH or Eh. These results contrast with those of other studies of soil systems, in which association with soil particles promoted survival of bacteria introduced to the soil (17) . In those studies, however, it was not clear whether the bacteria were attached to the particles or enclosed in the soil pores (16) . Clearly, survival will be affected by a variety of factors, in addition to adhesion ability, including both advantageous factors (e.g., nutrient availability and mutualistic interactions) and nonfavorable factors (e.g., protozoan predators, antibiosis, algal toxins, and heavy metals).
There is already much information on the adhesive characteristics of aquatic bacteria (e.g., surface charge and hydrophobicity) that contribute to their initial adhesion to uncolonized solid surfaces (13) . Indeed, the purpose of many in vitro studies of adhesion is to attempt to evaluate or predict the ability of an organism to attach to surfaces in a natural environment. However, it is not clear how the surface characteristics of bacteria influence their adhesion to mature biofilms or what factors determine the persistence of these bacteria subsequent to attachment. In the present study, the adhesive abilities of the bacteria determined by in (16) . Mutants that were expected, on the basis of contact angle and electrophoretic-mobility measurements, to adhere best to glass, polystyrene, and soil particles demonstrated the lowest percentage of particleassociated cells (16) . Thus, although adhesion ability may be a predictor of colonization in in vitro studies (13) and simple systems (7) , in complex systems such as the lake enrichment microcosms described here or soils, adhesiveness is probably a relatively minor factor influencing the overall outcome of surface colonization. It could be argued that a valid assessment of the significance of adhesion ability cannot be obtained by a comparison of two different species, e.g., P. fluorescens and X. maltophilia, and that adhesion mutants of a given strain should be used for this type of study. However, these two organisms, both belonging to the Pseudomonadaceae family, exhibited the same growth rate in PYE (data not shown) and colonized the liquid phase of the lake enrichment microcosms to approximately the same levels (Table 4) . Moreover, mutants of a given species are not necessarily better for these types of studies, since they may not be equivalent in competitive abilities. For example, Rif' mutants have been shown in soil microcosm studies to have less competitive fitness than the wild type (4) .
The significance of inoculum size depended on the complexity of the microcosm system. P. fluorescens successfully colonized the simple microcosms, even when < 10 culturable cells had been used as an inoculum. However, inocula of >103 cells were required for successful colonization of the complex lake enrichment communities. This is probably not surprising, since colonization success in complex communities would be affected by the numerous biotic and abiotic factors mentioned above. These results demonstrate quite clearly how simple in vitro studies, utilizing only a few species, are poor models for adhesion and colonization in natural environments.
